We have investigatedfirst-order artifacts in second-ordermotion perception. Subjects were required to identify the orientationand directionof a drifting sinusoidalcontrast modulation. Whenthe carrierconsistedof statictwo-dimensional noise,performanceoftenreflectedthe use of first-orderartifactsthat arisefromstochasticlocaibiasesin the noise,ratherthan the detectionof the contrastmodulationper se. This stimuius,which hps been used widely for studyingsecondordermotion,thereforeappearsto be inappropriatefor thatpurpose.In contrast,globaldistortion productsarising from luminancenon-linearitiesdo not appear to provideusable artifacts.Two manipulationswere employedto eiiminatelocalfirst-orderartifacts:the use of dynamicnoiseand the use of high-passfilteredstaticnoise.Thesetwo manipulationsgavesimilarresults,whichwere quitedifferentfrom thoseobtainedwith broadbandstaticnoise.We arguethat performancewith both of these image types reflects the activity of a true second-ordermotion mechanism. A characteristicpropertyof this mechanismis that it cannotspecifydirectionat the thresholdfor detecting orientation.Direction thresholdsare around 50% higher than orientationthresholds when first-orderartifactsare eliminated.Copyright01996 ElsevierScienceLtd
INTRODUCTION
When the contrast of a static pattern is modulated by a drifting sinusoid, motion is easily visible despite the fact that the motion is defined by contrast (a second-order image characteristic) rather than by luminance (a firstorder characteristic). Second-ordermotion stimuli are of interest because they are not expected to activate conventionalmotion detectors,such as the motion energy detector of Adelson and Bergen (1985) . This is because such detectors rely on the presence of spatial Fourier components in the luminance domain which move consistently in one direction. Second-order stimuli contain moving luminance components but these are normally expected to be equal in opposite directions along any given axis, so that any motion-detection mechanism which operates by detecting an imbalance of motion energy in opposite directionswill fail to respond. This state of affairs is made clear in the theoretical treatment provided by Chubb and Sperling (1988) , who refer to stimuli in which luminance motion energy is equalin both directionsalong the axis of motion as "driftbalanced". A simple type of contrast modulation is an amplitudemodulated (AM) grating. If a sine grating, referred to as the carrier, is multiplied by another sine grating of the same orientationbut a much lower spatial frequency, the result is a grating of the same spatial frequency as the carrier whose contrast is modulated sinusoidally at the frequency of the modulating grating. The Fourier spectrum contains just three spatial frequency components, all at the same orientation: one at the carrier frequency and the other two equidistantfrom the carrier, one at a higher and one at a lower frequency. If the modulating waveform is now made to drift while the earner remains stationary, the result in Fourier terms is that the carrier temporal frequency remains at zero while the two sidebandstake on non-zero temporal frequencies in oppositedirectionsof motion. Since the two sidebands have the same amplitudes, the motion energy in the image is equal in the two directions.The same is true of beat stimuli, which are the same as AM gratings except that they lack the stationary centre frequency, being simply the sum of two oppositely drifting gratings. A number of empirical studies have been conducted using ANI gratings and beats [e.g. ; ; ]. The resultsof these experimentssuggestthat this type of second-ordermotion is detected by a mechanism which is distinct from that which detects first-order motion, raising the possibility of two, perhaps parallel, motion detection systems. Chubb and Sperling (1988) built on this work by presenting a model of second-order motion detection in which the image is rectified so as to introduce luminance components into the neural representation of the image that are correlated with the contrast components in the original image and can be detected by conventionalmotion energy analysis. Wilson et al. (1992) further developed this notion by developing a model of motion perception comprising two parallel pathways, one based on conventional motion energy detection and the other on a non-lineartransformationof the image followed by energy detection, the outputs of which are then combined to yield a single motion signal. Direct evidence that second-order motion is normally detected using the motion energy principle comes from experiments using stimuli in which the direction perceived is as predicted by this principle but not by alternative principles .
It is believed by most researchers that motion is initially detected by neurons which are tuned for spatial frequency,and this belief is encompassedin conventional models of motion detection. Consequently it is not sufficient,in order to avoid detectionby standardmotion analysis, for the total motion energy in the image to be equal in opposite directions. It is also necessary for motion energy to be equal in opposite directions at each spatial scale considered alone. In the case of an AM grating, the spatial frequencies of the two sidebands are slightlydifferent. It is in most cases reasonableto assume that they are sufficientlyclose in frequency that they will both fall within the bandwidth of a single spatial frequency channel and so motion will not be detected. Nonetheless, it may be prudent, for empirical studies, to use an image in which the balance is perfect. Such an image is contrast modulated noise. If the carrier is composed of static noise with a flat spatial frequency spectrum, then contrast modulation results in drifting luminance components that are equal in opposite directions at all spatial frequencies. The noise could in principle be one-dimensional, although the use of onedimensionalnoise would necessitategreat care to ensure that the noise does indeed have a flat spectrum. In practice, two-dimensionalnoise is preferablebecause the presence of many different noise samples in a given spatial dimension greatly reduces the impact of any samples that do not have a flat spectrum, and twodimensional noise has been used almost exclusively in empirical studies using contrast-modulatednoise.
In the past few years, a substantialnumberof empirical studies of second-order motion have been conducted using contrast-modulatedtwo-dimensionalnoise images [e.g. Victor & Conte (1992) ; McCarthy (1993) ; ; ; Ledgeway & Smith (1994 ; Ledgeway (1994) ; Solomon & Sperling (1995) ; Johnston & Clifford (1995) ]. In all these studies it has been assumed that such stimuli are pure second-order motion stimuli. However, it is possible for first-order motion artifacts to arise in second-ordermotion images. Normally, these artifacts correlate in direction and speed with the second-order motion characteristics, making it a FIGURE1.Luminancewaveformsillustratingglobal distortionarising from non-linearprocessing.All plots show luminance as a function of spatial location and represent a slice througha two-dimensionalimage. (a) A sample of binary noise composed of light and dark pixels (to facilitate comparisonwith Fig. 2 the noise is represented as a regular array of pixels, not as a true noise waveform). (b) A sinusoid. (c) Contrast-modulated noise formed by multiplying the binary noise shown in (a) by the (raised and scaled) sinusoid in (b). The mean (space-average) contrast is the same as the contrast of the original noise and the modulation depth (determined by the amplitude of the sinusoid) is 5070.The dotted line shows the local mean luminance, averaged over a patch of adjacent light and dark pixels. Because this locally averagedluminancevalue is the same at all points in the image, there will be no change in its spatial profile when the modulating sinusoidmoves. (d) The effect of passing the waveform in (c) through an expansive brightness non-linearity. The dotted line shows locally averagedluminance,as in (c). The locally averagedluminancenowhas a sinusoidalwaveform, which will be present in the Fourier spectrum of the image as a component at the modulation frequency. This waveform will move when the modulating sinusoid moves, giving first-order motion. The amplitude of the waveform (and hence its detectability) is proportionalboth to the amplitudeof the sinusoid and to that of the noise carrier.
difficult to distinguish them perceptually. There is therefore a continual risk of inadvertently studying first-order motion sensitivity when attempting to study second-order motion sensitivity. In this paper two potentialfirst-orderartifactsthat may arise in supposedly pure second-order images involving contrast-modulated noise are described. Empirical studies are then presented in which the extentto which these artifacts actually occur in practice and give rise to misleading conclusions is examined.
Global distortion products
The first potential artifact is already well known. If a contrast-modulated image passes through a processing stage involving a non-linear luminance transformation, then a first-order modulation will be introduced which will have the same waveform as the contrast modulation and will move when it moves (see Fig. 1 ).This luminance modulation,referred to as a distortion product, will then be visible to conventional motion energy detectors. If psychophysicaljudgments of the image are based on distortion products then clearly such judgments cannot be taken as reflecting the properties of a second-order motion detectionsystem.Assumingthat the non-linearity a c FIGURE2. Luminancewaveforms illustrating distortionsarising from the stochastic properties of the carrier. (a) A section through twodimensional noise in which two-thirds of all pixels are light and onethird dark. For clarity, this is shown as a regular array with two adjacent light pixels followed by one dark, rather than as a noise waveform. (b) The product of the waveform in (a) and a (raised, scaled) sinusoid, together with the locally averaged luminance of the resultingwaveform (dotted line). Because there are two light pixels for each dark pixel in any local region of the image, the locally averaged luminance is closer to the local maximum than to the local minimum and varies in proportionto the local contrast (i.e. sinusoidally).When the modulating envelope moves, the locally averaged luminance waveform moves with it, giving first-ordermotion. In this case (where the noise has an overall bias) the distortion of the locally averaged luminance is global. (c)A noise waveform (again shown as a regular waveformfor simplicity) in which there are equal numbersof light and dark pixels overall but there are local biases: in the first segment there are twice as manylight pixels as dark, in the middlesegmentthere is no bias and in the last segment there is the opposite bias. (d) The product of the waveform in (c) and a sinusoid together with the locally averaged luminance (dotted line). The latter has a form which varies accordingto the bias in tbe original noise. If the waveform in (c) were true noise of varying bias, rather than a regular waveform, then the dotted line in (d) would be a complex waveform that could be considered as a set of local segments of sinusoidof varying amplitude, phase and extent. The first-order motion that results when this waveform moves would not be revealed by global Fourier analysis because, globally, segmentsof oppositephase are equal andwill cancel out. But the segments will be detectable by local patchwise analysis such as that employedby motion energy detectors. All such detectable patches will signal the same direction (that of the envelope) irrespective of their phase.
is applied equally to all points in the image, the distortion product will occur globally and will be reflected in the Fourier spectrum of the distorted image. Distortionproducts may occur at any of several levels. Firstly, they may arise in the image itself. Images used in vision research are normally generated by computersand presented on CRT displays. CRT displays are typically characterized by a very substantialexpansive luminance non-linearity. In principle the distorting effects of such non-linearities can be eliminated by applying an equal and opposite non-linearity to the input signal (a process referred to as gamma correction).In practice, it is easy to gamma correct an image approximately, normally by using a look-up table (LUT), but impossibleto correct it perfectly. This is because the correctionfactor required dependson the propertiesof the image and varies to some extent both over space (across the screen) and over time. Thus, there are always distortion products in all CRT images and the questionbecomes: are they large enough to matter?
The next potential source of distortion products is in the process of luminance transduction in the receptors. Several investigators [e.g. MacLeod et al. (1992) ] have argued that this process is not perfectly linear. We must therefore assume that distortion products arise in the receptors. These will be very similar in nature to those arising in the display. Finally, distortion products may arise at any stage of visual processing subsequent to luminance transduction in the retina (e.g. in ganglion cells, thalamus or cortex). For example Derrington (1987) has discussed distortionproducts arising in feline thalamus.Distortionproducts of this type differ from the other two categories in that they are not applied to a simpleluminancesignalbut to some transformed,filtered or processedrepresentationof the image. This may be an important consideration (see Discussion). Distortion products arising either in the receptors or subsequently, like those arising in the image, will only cause problems in second-order motion experiments if they are large enough to be detectable. This is an empirical question which has been addressed previously in other contexts and will be addressed further in this paper.
Local first-order motion patches
The second type of potential artifact is quite different. R arises locally,not globally,and existsin the undistorted image even with perfectly linear display and processing. It arises whenever the luminance of the carrier varies across space in a way that is not symmetrical about the mean luminance. Figure 2 illustratesthe effect of such an asymmetry.Distortionswill occur if the carrier is binary noise (i.e., all pixels have one of two values, light and dark) but the proportion of light pixels is not 50% [Fig. 2(b) ]. In the case of greyscalenoise, it will occur if values above the midpoint of the luminance range are more prevalent than those below, or vice versa. Thus, it is essential to ensure that the noise generator used to produce contrast-modulated noise stimuli is unbiased. However, even when the noise has 50% light and 50% dark pixels in the image as a whole, there will be local regions in which the balance is not perfect, because perfect balance will only occur for very large areas ('just as 1000 tossesof an unbiasedcoin will yield close to 500 headsbut sub-samplesof 10 tosseswill frequentlyyield 4 or 6). When a local imbalanceoccurs,there will be a local distortion in the mean luminance of the modulated waveform [ Fig.2(d) ], leadingto a local first-ordermotion signal. In fact, the image will be full of variously sized patches of first-order motion of various amplitudes, according to the sign and magnitude of the local bias in the carrier. The sum of such local distortions over the whole image will theoreticallybe zero, and so the image as a wholemay stillbe drift-balanced.But since motion is detected locally in the visual system, local distortions,if large enough, will be detected individually and may be a FIGURE 3. Luminance waveforms illustrating the effect of carrier contrast on the amplitude of first-order artifacts. The figure shows the case of global distortion products, but the effect is similar for local artifacts. used by the subject in psychophysicaljudgments. All such distortionswill signal the same direction and speed as the contrast envelope and so their detection may be mistaken for detection of the envelope. The experiments in this paper were designed to establish whether and when the global and local firstorder artifacts described above occur in contrastmodulated noise images to an extent that contaminates measurements of the properties of putative second-order motion detection mechanisms. This question was examined in the context of detection thresholds for secondorder motion. The underlying assumption is that where multiple detection mechanisms exist, then at threshold any pattern is detected by the mechanism that is most sensitive to it. Thus, assuming the existence of a true second-ordermotion detection mechanism, second-order motion images will be detected by the first-ordersystem if they contain first-order artifacts large enough for that systemto be more sensitivethan the second-ordermotion system, and by the second-ordersystem if they do not.
The underlying rationale for all the experiments presented here is as follows. If detection of second-order motion is, in practice, accomplished by detecting firstorder artifactsusing standardfirst-ordermotion detection mechanisms, then:
(i) Threshold sensitivity will show the same properties and dependence on stimulus parameters as threshold sensitivity for pure first-order motion. Specifically, where both the orientationand drift directionof a onedimensional contrast modulation are to be identified, direction thresholdswill be very similarto orientation thresholds except at very low drift speeds, as is the case for first order motion (Watson et al., 1980) .
(ii) Thresholds will decline in a predictable fashion as carrier contrast is increased, because the contrast of first-order artifacts (of both types described above) scale with the amplitude of the carrier giving rise to them (see Fig. 3 ).
If, on the other hand, second-ordermotion detection is accomplished by a specialized second-order motion detection system, then the relationship between orientation and directionthresholdsmay or may not be the same as for first-ordermotion and thresholds may or may not vary in inverse relation to carrier contrast.
To anticipate, we find that when the carrier is static broadband noise, thresholdsfor orientation and direction are in most cases very similar, as previously reported . When the carrier used is either dynamic broadband noise or static high-pass-filtered noise, eliminatinglocal first-orderartifactsbut not global distortion products, thresholds for direction are much higher than those for orientation,suggestingthe involvement of a different (second-order) mechanism. Under these circumstances thresholds do not fall as carrier contrast increases. It is concluded that: (a) local firstorder motion artifacts are often present and are utilized by subjects when the carrier is static broadband noise, leading to misleading results; (b) global distortion products do not appear to be large enough to provide a basis for perception of motion in these stimuli; (c) when the correct stimulus is used, clear evidence of a mechanism that is truly sensitiveto second-ordermotion is found.
GENERAL METHODS

Subjects
Two subjectswere used.AS is one of the authors.TF is an experiencedobserverwho was naive to the purpose of the experiments.
Stimuli
All stimuli were contrast-modulatedtwo-dimensional noise patterns. They were generated using a Matrox IM-640 image processing system and were displayed on a monochrome monitor with P4 (white) phosphor at a refresh rate of 67 Hz. The mean luminancewas 38 cd/m2. In all cases the modulating waveform was a vertically or horizontally oriented sinusoid of spatial frequency 1 c/deg. Three typesof carrierwere employedin different experiments: (i) static, spatially broadband, two-dimensional noise; (ii) dynamic, broadband, two-dimensional noise; and (iii) spatially filtered, static, two-dimensional noise. Broadband noise was generated simply by assigning one of two states, light or dark (at random, with equal probability)to each pixel. The noise pixel size could be varied by constrainingthe noise generation process such that a squareregion of adjacentscreen pixels (e.g. 2 x 2 or 4 x 4) was assigneda common luminancestate to produce a single noise pixel. In the case of static noise, the same noise samplewas used throughoutthe image sequence;in the case of dynamicnoise a new samplewas used on each frame. High-pass filtered images were produced by filtering such a binary noise image using conventional Fourier filtering techniques (yieIding an 8-bit greyscale image). Filtered carriers were generated off-line and stored on disk; binary noise carriers were generated afresh at the beginning of each run.
The contrast-modulationof the carrier was achievedby drawing or loading a carrier into one frame buffer and drawing a modulation waveform in another. The two were then multiplied together in real time using a statistical LUT. The contrast modulation was always a grating shaped in spaceby a two-dimensionalGaussianto produce a two-dimensionalGabor patch. The position of the Gaussian envelope remained unchanged over time while the phase of the grating within it was updated to produce motion. Contrast modulationswere also shaped in time, by varying the amplitude of the modulating waveform prior to multiplication by the carrier. Except where otherwise stated, each animation sequence lasted for 750 msec. The grating (envelope)amplitudestarted at zero, was ramped up with an integrated Gaussian waveform over the first 255 msec, remained constant at that level for 240 msec and was then ramped down again over 255 msec. Thus, the carrier appeared abruptly and had a constant mean (space-average) contrast over time but the amplitudeof the contrast envelopewas shaped in time. A double-buffering technique was used to allow one frame to be displayed while the next was being computed.
All images subtended 4 degx 4 deg at the viewing distance of 95 cm and were presented on a uniform backgroundof the same mean luminance.They were very carefully gamma-corrected (using a LUT) to minimize distortion products arising in the screen. Gamma correction was performed individually for each carrier used. A high-modulation-depthversion of the contrast modulation to be used in the experiment was drifted slowly across the screen. A spot photometer was used which had a spot size (0.5 deg) large enough to integrate a number of light and dark noise pixels but smaller than the modulation period (1 deg). The gamma correction factor was adjusted so as to minimize the change in the reading that occurred as the contrast of the noise in the spot was modulated by the drifting contrast envelope. Readingswere averaged over a number of noise samples. Precautions were taken to minimize changes in the gamma characteristics of the monitor over time (long warm-up period prior to commencementof experimental sessions, cushioned mounting of the monitor to reduce vibration) and the correction factor was checked regularly.
Procedure
Two detection thresholds were measured simultaneously using the method of constant stimuli. These were the modulation depth required to detect the orientation of the modulation and that required to detect its drift direction. The subject was asked to fixate the centre of the screen. Each experimental run commenced with a 30 sec period during which the screen was uniform. In each trial the subject was presented with a single animation sequence of the same mean luminance as the uniform field. The orientation of the drifting contrastmodulationcould be either horizontalor vertical and it could be drifting in either direction along the axis orthogonal to its orientation. These parameters were determined at random with equal probability.After each trial the subject was required to make two forced-choice responses by pressing buttons on a hand-held response box. The first response was the orientation of the modulation and the second was its direction. The computer recorded the responses in terms of whether they were correct or incorrect. At the end of the trial the image was replaced by a uniform screen of the same mean luminance. After an interval of at least 3 sec the next trial was presented.There were 50 trials in each run, ten at each of five modulationdepths chosen on the basis of pilot trials so as to span the orientation and direction detection thresholds. Five identical runs of 100 trials were completed for each experimentalcondition so as to give a total of 50 responses at each modulation depth (250 responsesin total). A sigmoid curve, constrainedto asymptote at 50% and 100%, was fitted to the function relating percent correct responses to modulation depth using a least-squaresmethod. The midpointon this curve (75% correct performance)was taken as the thresholdfor that condition. Separate functions were fitted to the orientation and direction data to yield two separate threshold values, each based on 250 responses. Sample curve fits may be seen in Fig. 7 .
EXPERIMENT 1: EFFECTOFNOISEPIXELSIZE (STATICBROADBAND CARRIER)
Varyingnoisepixel size has no effect on the magnitude of the global distortion product that will result from a luminance non-linearity of a given magnitude. The purpose of Experiment 1 was to address the issue of local biases in carrier luminance(i.e. deviationsfrom the mean luminance of the pattern), as described in the Introduction.Considera localpatch in which a luminance bias exists.The size of the patch that is needed in order to cause an artifact has a minimum corresponding to the minimum fraction of the envelopeperiod that is required for detection of motion. For example, if direction of motion is visible in a drifting first-order grating whose spatialextent is 0.1 spatial cycles or more (corresponding to 0.1 deg for the 1 c/deg envelope used here), then the patch of contrast-modulatednoise in which there is an overallbias must be at least that large for detectablefirstorder artifacts to arise. For small pixels, this means that there must be a bias in a patch which contains many pixels. But for larger pixels sizes, this is not the case. When each pixel is (in this example) 0.1 deg in size or more then it is appropriate to regard a single pixel as a region in which luminancedeviatesfrom the globalmean and a detectablefirst-orderartifactwill occur within each pixel. Thus, very large noise pixelswill undoubtedlygive rise to artifacts,irrespectiveof the stochasticpropertiesof the noise. Very small pixels can only do so in regions where there is a bias affecting a large cluster of pixels. This dependson the stochasticpropertiesof the noise and may happen only infrequently. The purpose of Experiment 1 was to establish the effect of noise pixel size on direction and orientation thresholds so as to reveal the range of conditions over which artifacts may mediate detection.
A static binary two-dimensionalnoise carrierwas used. Its contrast with zero modulation was 21% (Michelson). With modulation, its contrast varied sinusoidally, with some modulationdepthM, about 21% so its mean (spaeeaverage) contrast remained 21%. Modulation depth is defined as:
where CmaXand C~in are the maximum and minimum contrasts between adjacent pixels of opposite polarity occurring at any point in the image. The independent variable in Experiment 1 was noise pixel size, which varied from 1.2 min arc (one screen pixel) to 9.6 min arc (8 screen pixeIs). Thresholds were measured separately for each noise pixel size. Figure 4 shows direction and orientationthresholdsfor a 1 c/deg contrast envelope drifting at 4 deg/sec as a function of noise pixel size. The 4 deg/sec drift was created by updating the position (phase) of the modulating waveform by 3 screen pixels (3.6 rein) every 15.msec. For both subjects, thresholds fall markedly as noise size increases.As stated above, the larger the noise pixel size the greater the probability of obtaining local luminance biases that are large enough to give rise to detectable first-order motion and so the lower the threshold. If this is the explanation of the observed fall in thresholds with increasing noise pixel size, then detection must be based on artifacts over much or all of the range of pixel sizes used because pixel size affects thresholdover the whole range of sizes. This appliesboth to the detection of motion and to the detection of orientation, since both thresholds fall as pixel size increases.
However, it is impossible to know, in the case of the results in Fig. 4 , whether the first-orderartifacts that are apparent resulted from luminancebiases in local patches of noise pixels or, at least for large noise pixels, arose within single noise pixels. Since the modulating waveform had a spatialresolutionof one screenpixel (1.2 rein) and was updated in increments of three screen pixels, local artifacts arising within noise pixels are expected where the noise pixel size >3 and not an integer multiple of three screen pixels (3.6 rein). To eliminate withinpixel artifacts, further experiments were conducted in which the contrast envelope was incremented on each image update by an integer multiple of the noise pixel size. To maintain the drift speed at a constant value (4 deg/see) the update rate was manipulated. For example, for a carrier whose noise pixel size was 3 screen pixels (3.6 rein), the envelope was updated by 3 screen pixels every 15 msec; for a carrier whose noise pixeI size was 6 screen pixels (7.2 rein) the envelopewas updated by 6 pixels every 30 msec, and so on. This eliminated the possibility of artifacts occurring within individualnoise pixels. Figure 5 showsthe results,which are similar to those in Fig. 4 . Thus, it appears that any within-pixel local artifacts that occur are small in comparison with local artifacts arising on a slightly larger scale from stochastic biases in local patches of noise pixels.
A notablefeature of the data in both Figs 4 and 5 is that for large pixel sizes, direction and orientation thresholds are similar. Thus, if the spatial structure of the contrast envelopeis visible then so is its drift direction.This is the result obtained by others for first-order sine gratings, where direction is always visible at detection threshold except for very low drift rates (Watson et al., 1980; Green, 1983) .However,for smallnoise pixels,thresholds for direction appear to be rather higher than those for orientation.The resuItsof Experiment 1 therefore suggest that for large pixel sizes performance was based on firstorder artifacts but they also suggest that for small noise pixels performance may have been based on a different mechanism,perhaps a true second-ordermotion mechanism, which. does not support direction perception at threshold. 
EXPERIMENT 2: USEOFDYNAMIC, SPATIALLY BROADBAND CARRIERS
The results of Experiment 1 suggest that local firstorder artifacts of the kind described in the Introduction are used by subjects in the detection of moving contrast modulationswhen the carrier is static noise, at least when the noise pixel size is large. An obvious implication is that it is best to use a small pixel size in experiments using stimuli of this type, so as to avoid artifacts. However, it is difficultto know whether this precautionis sufficient.Although local artifacts are reduced, they may still be large enough to be used by subjects.The objective of Experiment 2 was to find and test a way to eliminate local first-order artifacts entirely and then to re-examine orientation and direction thresholds for second-order motion.
A simple way to eliminate the problem is to use a dynamic noise carrier instead of a static noise carrier. Local first-order motion artifacts can only arise when a contrast envelope moves across a region of the carrier which has a luminance bias. At least two consecutive frames with the same bias in the carrier are therefore required. If the noise sample is replaced every time the envelope position is updated (in this case at 67 Hz) then motion of the envelope across a single, biased carrier sample does not occur. There is, of course, a finite FIGURE6. Thresholdsfor detecting the orientation and direction of a drifting contrast modulation,as a function of the pixel size of a twodimensionaldynamic noise carrier. All details are the same as for Fig.  4 except that a dynamic carrier was used.
probability of displaying two consecutive noise samples which, although different, have the same luminance bias at a given location.However,there is an equal probability of displaying two consecutive samples with opposite biases. In the latter case the resulting first-order motion artifactis analogousto a sine gratingwhich moves a short distance and reverses its phase, resulting in "reversed phi" motion in the direction opposite that of the displacement [e.g. Anstis & Rogers (1975) ]. Thus, local first-ordermotion artifactswill still occur with a dynamic noisecarrier, but they will be equallydividedbetween the two directions,whereas with a static carrier they are all in the same direction (that of the envelope motion). It is therefore highly unlikely,in the dynamic noise case, that these artifactsprovidethe basisfor detectingthe direction of motion of the envelope. It is conceivable that they might nonetheless provide the basis for detecting its orientation, since they signal the axis of motion of the envelope, from which orientation (always orthogonal to the axis of motion) could be inferred. However, later results (Experiment 5) showing similar performance using other methodsof eliminatinglocal artifacts suggest that this is not the case.
Effect of noise pixel size
In an initialexperiment,the effect of noise element size was investigatedusing a method identical to that used in Experiment 1 except that the noise was dynamic i.e. the noise sample was changed on each image update. Each noise sample was binary as in Experiment 1 and its contrast was again 21%. The envelope spatial frequency was again 1 cldeg and its drift speed was 4 deg/sec. Figure 6 shows, for two subjects, the effect of noise element size on orientationand directionthresholdsusing a dynamic noise carrier. The pattern of results is quite different from that obtained with static noise (Figs 4 and  5) . Firstly, thresholdsare generally rather higher than for static noise. Secondly and more importantly, the sharp fall in thresholdsas check size increasesthat was seen for static noise is completely absent for dynamic noise. Thirdly, thresholdsfor direction are substantiallygreater than those for orientation for all pixel sizes. The ratio of the two thresholds, averaged over both subjects and all pixel sizes, was 1.53. Thus thresholds for direction are around 50% higher than those for orientation, a much higher figure than is evident using a static noise carrier (Figs 4 and 5) , even for the smallest pixel size. Figure 7 shows the psychometricfunctionsfrom which the thresholdsin Fig. 6 were obtained,for one noisepixel size only (5.2 rein). Also shown, for comparison,are the equivalent functions for static noise (Fig. 4) . The difference between the functions for orientation and direction, in the case of dynamic but not static noise, is obvious.
Effect of drift speed
In order to see whether the finding of substantially higher thresholdsfor direction than for orientation holds over a range of speeds,we conductedfurther experiments using a dynamic noise carrier. This experiment had the additionalobjective of examiningtemporal acuity. It has been suggested that the temporal acuity of the secondorder motion systemmay be significantlyworse than that of the first-order system since direction detection for second-order motion stimuli is impossible at stimulus durations below about 200 msec .
The method was the same as that used for examining the effect of pixel size except that instead of using a fixed drift speed and a range of pixel sizes, pixel size was held constant at 1.2 min and a range of envelope drift speeds was used. Mean carrier contrast was again 21'% and envelope spatial frequency was again 1 cldeg.
The results are shown in Fig. 8 . Thresholds for direction are again substantially higher than those for orientation and this is the case for all drift speeds. The ratio of the two thresholds, averaged across the two subjects and across aIl drift speeds, was 1.7. The ratio varied considerably with speed, from 2.3 at the lowest speed tested to 1.3 at the highest;however,the difference between the two thresholds was approximately constant (15.8% contrast, averaged acrossthe two subjectsand the three drift speeds). Both direction and orientation thresholds increase with speed. The highest drift speed at which thresholds could be measured was 8 degJsec (8 Hz). Thus temporal acuity for a 1 c/deg contrast modulation appears to be around 8 Hz. However, this figuremay not representtemporalacuity for second-order motion in general. Threshold sensitivity is highly dependent on the nature of the carrier. For a 67 Hz dynamic noise carrier the lowest direction thresholdswe obtained were around 25V0(at 2 deg/see,see Fig. 8 ) and it is possible that some other carrier might give greater sensitivityand a correspondinglygreater temporalacuity.
Effect of carrier contrast
So far, only local first-order artifacts have been considered.We also wished to examine the role of global artifacts (distortion products). These (in common with local artifacts) are expected to increase in proportion to the carrier contrast (see Fig. 3 ). In order to examine the effect of the contrast of the dynamic noise carrier, a single noise pixel size (1.2 rein) and envelope drift speed (4 deg/see) were used and thresholds were measured, using the same method as before, for a range of carrier contrasts. The results are shown in Fig. 9 . Once again, direction thresholds are much higher than orientation thresholds. The ratio of the two thresholds, averaged across the two subjects and across all carrier contrasts, was 1.51.Rather little effect of carrier contrastis evident. Thresholds are somewhat higher at the lowest carrier contrast than at the others, particularly for subject AS. It is, of course, inevitable that modulation thresholds increase as the carrier approaches its own contrast detection threshold. However, thresholds at 21% carrier contrast are similar to those at 50'%0 (the highest contrast tested).
Discussion
The results obtained with dynamic noise carriers (Experiment 2) bear directly on the question of the involvement of both of the potential first-order artifacts that were described in the Introduction.
They suggeststronglythat local first-orderartifacts are indeed responsiblefor the detection of contrast modulations at thresholdwhen the carrier is static noise, at least when large noise pixels are used (Experiment 1). When a dynamic carrier is used, eliminating such local artifacts, thresholds behave quite differently. Firstly, they are generally higher, suggesting the involvement of a less sensitive mechanism. Secondly, and more tellingly, thresholds are higher for direction than for orientation, by a factor of up to 2.3 (average 1.6).This is in contrastto resultsobtainedwith a static carrier [Experiment1; Smith et al. (1994) ] and to results obtained by others for firstorder grating stimuli [e.g. Watson et al. (1980) ]. The clearcut difference between the two thresholds that was found with dynamic carriers suggests the action of a mechanism with different properties from the first-order motion system. We suggest that this mechanism is a true second-order motion system that responds to moving contrast modulations (and probably other types of second-order motion). Unlike its first-order counterpart, this mechanism is not capable of specifying direction at the threshold for detecting orientation.
The finding of different thresholds for direction and orientation also argues against the involvementof global first-order artifacts (distortion products). Distortion products arising from a luminance non-linearity are expected to be qualitativelythe same whether the carrier is static or dynamic (they may be of lower amplitude in the dynamic case because of reduced visual sensitivityto high temporal frequencies). Since they are first-order artifacts, thresholds should behave like those for firstorder stimuli if they are used for detection i.e. direction and orientationthresholdsshouldbe the same. This is not the case. Further evidence against the involvement of distortion products comes from the results of varying carrier contrast. The amplitude of a distortion product will increase in proportionto carrier contrast(see Fig. 3 ). If detection of motion in Experiment 2 were based on detection of such distortion products then thresholds should be inversely related to carrier contrast, halving when carrier contrast is doubled. In fact, at least above 20%, a doubling of carrier contrast has very little effect on motion thresholds. This is not to say that distortion products do not exist in the neural representation of the image, only that they are not large enoughto be usefulfor detection of motion in images such as ours.
EXPERIMENT 3: EFFECTOFDURATION (DYNAMIC BROADBAND CARRIER)
In Experiment 2 it was concluded that when an appropriate stimulus is used for studying second-order motion, a true second-ordermotion detectionmechanism is revealed which differs from its first-ordercounterpart in that thresholds for identifying direction are much higher than those for identifying orientation. In Experiment 3 an alternative interpretation of this difference in thresholds is explored and rejected. have shown that whereas identification of the direction of a moving luminance modulation (grating) is possible at extremely short stimulusdurations,identification of the direction of motion of a contrast modulation (beat) is possible only if the duration of the stimulus exceeds about 200 msec. It seems likely that this result for beats would also apply to contrast-modulatednoise, although we have not established this directly. In our experiments,contrastwas temporallyshaped.This means that, at threshold,it was invisiblefor part of its 750 msec duration.If it were the case that the pattern was visiblefor <200 msec then orientation might be detected but direction might not. Only by increasing contrast, so that a larger part of the temporal profilewas above threshold, would direction be detectable. This would lead to detection thresholdsbeing higher than orientationthresholds, as observed. If this were the explanation of our results, then it might still be appropriate to infer the existence of a second-order motion mechanism with a poor temporal response,but it would be inappropriateto concludethat this mechanismcannot identify direction at the threshold for orientation. With this consideration in mind, we used in Experiments1 and 2 a temporalshaping waveform with a plateau at its peak, rather than the more conventional temporal Gaussian. The duration of the plateau was 240 msec (see GeneralMethodssection),this value being chosen to exceed the value of 200 msec quoted by . However, in view of the results obtained in Experiment 2, it seemed worthwhile to establish directly that the observed difference between the two thresholdsdoes not arise from the use of a limited duration.
Direction and orientation threshold measurements were obtained using a dynamic noise carrier as in Experiment 2, a carrier contrast of 21% and a 1 c/deg envelope drifting at 4 deg/sec. A range of temporal shaping waveforms was used. The rising and falling c--+3,
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FIGURE10.Thresholdsfor detecting the orientationand directionof a drifting, oriented contrast modulation of a two-dimensionaldynamic noise carrier, as a function of duration of the stimulus. The contrast modulation was ramped on, held constant for the duration shown on the abscissa and then ramped off. The duration used in all other experiments in this paper is indicated by an arrow. The envelope spatial frequency was 1 c/deg and the drift speed was 4 degkec.
portions were identical to those used in the previous experiments (a cumulative Gaussian and its inverse, respectively, each lasting 255 msec). But the duration of the plateau (the time at which contrast modulation depth was at its peak value) was varied from 60 to 960 msec (spanning the 240 msec used in Experiments 1 and 2). The results are shown in Fig. 10 . A modest increase in performance (fall in threshold) occurs with increasing duration.However, there is little change in the ratio of the two thresholds with duration. Even for the longest duration (960 msec) there is a clear difference between the two thresholds (ratio 1.54, averaged across the two subjects). Thus it is not the case that the difference between the two thresholds arises from restricted duration.
The fact that direction is detectable at the shortest plateau durations does not necessarily conflict with the results of ,who used abrupt onset and offset and whose figures relate to total duration. Our shortest total duration (i.e. when the plateau was 60 msec) was 570 msec, and it is not impossible that the stimulus was visible for 200 msec or more at threshold.
EXPERIMENT 4: EFFECTOFGAMMACORRECTION FACTOR(DYNAMIC BROADBAND CARRIER)
The conclusion of Experiment 2 was that local firstorder artifacts can contaminatemeasurementsof secondorder motion detection but that global first-order distortion products do not, at least for the images we have described. In Experiment 4 a different strategy is used to addressthe role of distortionproducts.In this experiment global luminance non-linearities of various magnitudes were deliberately introduced into the image and their effects on direction and orientation thresholds were measured. We have asserted that, for dynamic but not static carriers, motion detection involves a second-order motion mechanism with characteristic properties. If a distortion product is introduced which is correlated with the contrast modulation, then it follows that if the distortion product is made progressivelylarger it will at some stage be used for detection. When this happens, direction and orientation thresholds should be similar because the first-order motion mechanism can detect direction at the threshold for orientation.
The magnitude of the distortionproduct arising in the display, which was as close as possible to zero in the preceding experiments, was systematically varied by varying the gamma correction factor that was applied to the image. The screen was first calibrated as described under General Methods. A LUT was used to apply an opposite (compressive) non-linearity to compensate for the expansive non-linearity inherent in the CRT display. Gamma (y) was defined as follows:
where V is the voltage applied to the video input of the CRT display (linearly related to the value of intensity in the original, digital representationof the image),L is the luminance generated by the display in response to that voltage, k is a scaling constant and y is a constantwhich characterizes the degree of non-linearity of the display. Thus y = 1 represents a linear response and any value >1 represents an expansivenon-linearity.The gamma value of the display used was found to be close to 1.9 when calibrated using a binary noise carrier of pixel size 1.2 min (other carriers gave somewhat different values). The gamma value varied slightly from time to time (within +0.1 over the period of several months during which the present study was conducted).
Thresholds were measured repeatedly for a single image but using various gamma correction factors. Apart from this, the image was identical to the standard image used in Experiment 2. The carrier was dynamic noise (pixel size 1.2 rein, mean contrast 21%). The spatial frequency of the envelopewas 1 c/deg and its drift speed was 4 deg/sec.The temporalprofilewas as in Experiment 2. The correctionfactorsused are specifiedin terms of the gamma factor that they would correct. Thus, a value of 1.9 means that the digitalvalues in the image were raised to the power of the inverse of 1.9 then resealed before display, which would exactly linearize a display with a gamma factor of 1.9.The range spanningthe value of 1.9 was sampled finely and an additional, higher range of more coarsely spaced values was also used. It should be noted that when the gamma correction factor is changed, the mean luminanceof the display and the carrier contrast both change. It was therefore necessary to adjust the amplitude of the carrier in the original image in order to achieve a constant carrier contrast of 21(% despite changes in gamma.
The results are shown in Fig. 11 . The gamma correction factor could be set anywhere in the range 1.7-2.2without any effect on thresholds.Over this range, direction thresholdsare again much higher than orientation thresholds(mean ratio 1.47). Clearly, compensating for a gamma factor of 2.2 must introduce a substantial distortionproduct into a contrast-modulatedimage if the .Thresholdsfor detectingthe orientationand direction of a drifting, oriented contrast modulation of a two-dimensionaldynamic noise carrier. The gamma value for which correction was applied is shownon the abscissa. The actual gamma factor for the displayused is indicatedby an arrow.The envelopespatial frequencywas 1 c/deg and the drift speed was 4 degkec. Curve fitting was done by eye.
FIGURE12.Sampleimages showingthe effects of high-passfiltering.Top, an unfilteredtwo-dimensionalnoise image (top left) and the same image high-passfilteredusing a filter with a cut-off at 2 c/deg (top right). Bottom,an unfilterednoise image (lower left) similar to that showntop left but with a deliberatelyintroducedlocal patch containinga luminancebias (75%light and 25% dark pixels as opposedto 50% each in the rest of the image) and (lower right) the effect of high-passfiltering the biased image using a filter cut-off of 2 c/deg. The appearance of the noise elements is not greatly affected by the filtering operation,but the luminance bias in the central patch is much reduced. The spatial frequencies quoted assume an image size of 4 deg.
gamma factor of the display is in fact 1.9. Yet thresholds are no lower than for a value of 1.9, suggesting that detection is not based on the distortion product introduced by inappropriate correction. Assuming that detection is always performed by the most sensitive mechanism, this means that, over this range of gamma values, the second-ordermechanism is more sensitiveto the contrast modulation itself than the first-order mechanism is to the associated distortionproduct. As gamma is increased beyond 2.2 thresholdsbegin to fall. In the falling portion of the curve, presumably the sensitivity of the first-order motion system to the distortionproduct is greater than that of the second-order system to the contrast modulation and so thresholds fall in inverse proportionto the size of the distortionproduct. Importantly, the difference between the direction and orientation thresholds declines as detection is based increasingly on first-ordermotion detection.
Aside from the above theoretical implications, a practical implicationof this result is that accurate gamma correction is less critical for experimentsof this kind than might be supposed. The drift over time and variations over space that inevitably occur in any display is not sufficient, at least for the display we used (a standard Apple 12" monochrome monitor), to cause usable firstorder artifacts.
EXPERIMENT 5: USEOFHIGH-PASS-FILTERED STATICNOISECARRIERS
Experiment 2 explored the use of dynamic noise to eliminate local first-orderartifacts in contrast-modulated noise. In Experiment 5 a completely different strategy was used for the same purpose.The use of dynamicnoise does not remove local artifacts; it simply ensures that they are equal in opposite directions along the axis of motion. An alternative strategy is to retain the use of a static carrier and remove local artifacts by spatially filtering the carrier, prior to modulating its contrast. Removinglow spatial frequenciesfrom two-dimensional noise (i.e. high-passfiltering it) tends to make the mean luminance of any patch of the image regress towards the mean luminance of the display as a whole. This is illustrated in Fig. 12 . Thus filtering tends to reduce local luminance biases of the type described in the Introduction. If the filter cut-off is sufficientlyhigh it will remove them completely,althoughthere will be a cost in terms of contrastsensitivitybecause the visual systemis relatively insensitiveto the high frequenciesthat will remain. Highpass filtering does not remove global distortionproducts, although their amplitude may be reduced due to reduced sensitivity to high spatial frequencies.
It should be noted that when the carrier used is highpass-filtered two-dimensional noise, the image that results when a moving contrast envelope is introduced is not drift-balanced (see the Appendix). However, the departure from drift balance is modest and in fact there is more first-ordermotion energy in the direction opposite that in which the contrastenvelopemoves than there is in the same direction.This means that if the imbalancewere detected by a motion energy detectionsystemsuch as that proposed by Adelson and Bergen (1985) , which compares energy in oppositedirections,then motionwould be perceived in the direction opposite that of the moving contrastenvelope.This does occur in somecircumstances (see Experiment 6) but normally it does not. Whenever motion is seen in the correct direction, detection cannot be based on the directional imbalance in the Fourier spectrumof the image and so the fact that the image is not quite drift-balanced does not provide a means of detecting the direction of a moving contrast modulation.
Several experiments similar in design to those in Experiments 1 and 2 were carried out using static, highpass filtered carriers.
Effect of jilter cut-offfrequency
Initially, thresholds for identifying the orientation and directionof a driftingcontrastmodulationwere measured using a single envelope spatial frequency (1 c/deg) and drift speed (4 deghec) for various high-pass filtered carriers with different filter cut-off frequencies. First, a carrier consisting of binary, two-dimensionalnoise was generated. This was then high-pass filtered using conventional Fourier techniques. The same image was filtered using each of several cut-off frequencies ranging from 0.5 to 4 c/deg (see Fig. 12 ). The filtered images were then scaled such that they all had an r.m.s. contrast of 2070.(High-passfiltering reduces r.m.s. contrast for a given Michelson contrast, so this scaling procedure means that Michelson contrast increased somewhat as the filter cut-off was increased, from 20% for the unfiltered image to 40% in the case of the image filtered with a 4 cldeg cut-off.) Figure 13 shows the thresholds obtained. Thresholds increase as the cut-off spatial frequency increases.For an unfiltered image (shown as Oc/deg cut-off) the orientation and direction thresholds are similar, as previously observed (Experiment 1). This is also true for the 0.5 c/deg cut-off condition. But at 1 c/deg (when the filter cut-off coincides with the envelope frequency) the two thresholds begin to diverge, direction thresholds being higher than orientation thresholds.At 2 c/deg and above, there is a substantial difference between the two thresholds.The average ratio of the two thresholds over the range 24 cldeg, averaged across the two subjects, is 1.33. Thus the results obtained with high-pass filtered carriers mirror those obtained with dynamic broadband carriers. In both cases, direction thresholdsfor a moving contrastmodulationare significantlyhigher than orientation thresholdsfor the same stimuli. Our interpretationis the same in both cases. Both manipulationsremove local luminance artifacts that contaminate threshold measurements obtained with static, broadband carriers, revealing the action of a second-order motion mechanism which cannot identify direction at the threshold for detecting second-orderspatial structure.
Effect of carrier contrast
The same predictionsfor the effects of carrier contrast hold for high-pass filtered carriers as for unfiltered and dynamic carriers. If detection is based on first-order artifacts, whether local or global, thresholds should fall with increasingcarrier contrast.The resultsshown in Fig.  13 suggest that high-pass filtering is effective in removing local first-order motion artifacts. Since thresholds for direction are higher than for orientation, they also suggest that no other first-order artifact is used for detection and hence that global distortion products are not involved.However, to establishwith greater certainty that high-pass filtered noise does not result in usable distortion products, thresholds were measured for a variety of carrier contrasts using a high-pass filtered carrier. A single filter cut-off of 2 c/deg (1 octave above the envelope frequency) was used. The speed was again 4 deglsec,the envelopespatialfrequencywas 1 cldeg and the temporal profile was the same as in previous experiments. The resultsare shown in Fig. 14 and are quite similarto those obtainedwith a dynamicbroadbandcarrier (Fig. 9) . Thresholds for direction are consistently higher than those for orientation(mean ratio 1.36 averaged acrossthe two observers). There is a modest effect of carrier contrast, but much less than predicted by the distortion product hypothesis.This suggeststhat first-orderartifacts are not involved and that the thresholds recorded reflect the activity of a true second-ordermechanism.
EXPERIMENT 6: REVERSED MOTIONAT 12DEG/SEC(HIGH-PASS FILTERED CARRIER)
The results of Experiment 5 suggest that the use of high-pass-filtered carriers is an effective means of eliminating local bias and is therefore preferable to the use of unfilteredstatic carriers in experimentson second- order motion. However, we have so far tested it only using a single drift speed. It is not clear that it provides a universallyvalid stimulus,particularlyin view of the fact that it is not-drift balanced and contains the potential for perception of motion in the direction opposite the direction of the moving contrast modulation (see the Appendix). In all measurements in Experiment 5, direction, when perceived, was perceived correctly. However, we have used a variety of drift speeds and find that at high speeds, direction is perceived in the opposite of the envelope drift direction. The purpose of Experiment6 was simply to provide a formal demonstration of this phenomenon.
In informal experiments in which drift speed was varied, we identified the highest drift rate that is detectable using a 1 c/deg modulation of a high-pass filtered carrier. We find that motion is visible up to about 12 deg/sec (12 Hz), somewhat higher than was the case for dynamic unfilterednoise (Fig. 8) .
Using a carrier contrast of 20% r.m.s. (30% Michelson), a filter cut-off of 2 c/deg and a drift speed of 12 deg/see, we obtained psychometricfunctions relating orientation and direction performance to envelope contrast. The two subjects gave different results and so a third subject (TL, the other author) was tested. The results for all three subjectsare shown in Fig. 15 .For low envelope contrasts,performanceis at chance levels (50'% correct). In the case of orientation judgments, as the envelope contrast is increased, performance increases, reaching 1009Zcorrect at very high modulation depths, for all three subjects. However, in the case of direction judgments, performance for AS and TL falls from chance levels to a level close to zero. That is, at low modulation depths no consistent direction is seen and at high modulationdepthsmotion is consistentlyseen in the wrong direction. The third subject (TF) performed at chance levels for direction at all modulation depths. Reversed motion does not occur for lower drift speeds. Certainly it never occurred during extensive measurements at 4 deghec (Experiment 5) and informal investigation over a range of speeds failed to reveal it below about 8-10 deghec.
We interpret the reversed perceived motion demonstrated (for two of three subjects) in Fig. 15 as follows. When the contrast of a high-pass-filterednoise sample is modulated by a drifting sinusoid, the image contains a narrow range of spatial frequenciesclose to the filter cutoff frequency at which all the motion energy present is in the direction oppositethe envelopedrift direction(see the Appendix). At all other spatial frequencies, motion energy is equal in both directions (as it is at all frequencies in a broadband carrier, whether static or dynamic). We believe that the reversal of perceived direction shown in Experiment6 reflectsdetectionof this marginal dominance of the reverse direction in the luminance-domain Fourier spectrum. It is well known that a consistentdirection is perceived when only a small directional bias exists in a pattern containing motion energy in opposite directions and so it is perhaps not surprising that the marginal direction bias in our image can be detected. However, a second-ordermotion system sensitive to moving contrast modulations will always signal motion in the oppositedirectionto that signaledby the first-order system in such circumstances. What direction is perceived then becomes a matter of which of the two systems dominates.Normally it is the secondorder system, not because it is inherently dominant but, presumably, because the first-order system is only very weakly stimulatedby such a small directionalimbalance. At high envelope drift speeds, however, the second-order system is at the limit of its temporal resolution and its sensitivity is much reduced. Here there will be some range of speeds where the first-order system is more sensitivebecause of its superior temporal acuity, and the direction opposite to the modulation direction will be perceived. We find that it is sometimes possible to see transparent motion at the transition point, although it is never very clear, perhaps because both systems are operatingnear threshold. Inspectionof Fig. 15 showsthat the three subjects show variation in the ability to detect the small directional imbalance. Subject TL was most sensitive, seeing it reliably at about 50% modulation depth. AS was less sensitive, requiring 90% modulation depth, and TF failed to detect it at all. If the thresholdfor perception of reversed motion for AS and TL is taken as the 25% correct level, it can be seen from Fig. 15 that this threshold is no higher than the orientation threshold (in fact it appears to be rather lower). This is consistentwith the notion that the first-order system is mediating detection in these circumstances.
Since direction perception is based on first-order motion energy at 12 Hz, it follows that the temporal acuity limit for second-order motion is lower than that. The highest drift rate at which direction is perceived correctly was found in informal observationsto be about 8-10 Hz, which is consistentwith the earlier experiments using dynamic noise (Fig. 8) .
DISCUSSION
There are two main conclusionsto be drawn from the work reported in this paper. One is theoretical, the other practical.
Theoretical implications
The first main conclusion is that the human visual system includes a mechanism that is specialized for the detection of second-order motion and that this mechanism cannot specify direction of motion at its absolute detection threshold. A number of empirically supported claims have previouslybeen made for the existence of a second-order mechanism [e.g. Harris & Smith (1992) ; Mather & West (1993) ; Werkhoven et al. (1993) ; Ledgeway & Smith (1994) ],yet some skepticismremains in some circles. One reason is that the properties of the putativesecond-ordersystemhave much in commonwith those of the first-order system, leading to the suspicion that both types of motion are detected by the same mechanism. In fact, similarity between the two is predicted by models (Chubb & Sperling, 1988; Wilson et al., 1992) in which the two typesof motion are detected using the same principle (motion energy detection), in one case in a linear representationof the image and in the other in a non-linearlytransformedversion of the image. Nonetheless, for the distinction to be persuasive it is necessary to identify some properties, at least, of the second-order motion mechanism that differ from firstorder motion. One such property is inferior temporal acuity. The second-order motion system requires long stimulus durations and cannot detect high drift temporal frequencies IDerrington (1994); our Fig. 8 ]. To this we add another property. Whereas the first-ordermotion system is able to specify direction of motion at the threshold for identifying orientation, the second-order motion system is not. In order to identify direction of second-order motion, modulation depth must be some 50'%higher than that required to identify orientation.
It is unclear why direction cannot be identified at thresholdfor second-ordermotion.It is interestingto note in this context that it has been reported that direction thresholds are also higher than orientation thresholds in the case of motion definedpurely by colour modulations (Lindsey & Teller, 1990) , although Mullen and Boulton (1992) and have both suggested that the difference is not very marked. It is possible that second-order form (including orientation) perception is based on a separate mechanism from the second-ordermotion mechanism and that the latter is less sensitive than the former. However, this interpretation seems unlikely in view of the fact that the two thresholds co-vary quite closely, suggesting a common basis for perception of form and motion. In the case of first-order motion, detection of form and motion appear to be based on a common initial filtering stage that feeds both processes. If both processes are highly efficient then the two thresholdsare expected to be very close. Perhaps the same applies to second-order stimuli except that motion is extracted less efficientlythan form, so that motion and orientation thresholds differ, but by a fairly constant factor.
Practical implications
The second main conclusion is practical. It is that contrast modulation of static two-dimensionalnoise may not be a suitable stimulus for use in experiments on second-order motion. This is because although the stimulus contains second-order motion which will be detectable by the second-order motion system at sufficiently high modulation depths, it also contains first-order motion arising from local luminance biases. This first-ordermotionvaries in strengthacrossspace and may be below thresholdat some locations,but our results suggest strongly that, at least at some locations, sensitivityto first-orderartifactsis greater than sensitivity to contrast modulation and that such artifacts are used consistentlyby subjects in detection tasks involvingthis type of image. It is arguablethat static noise composedof small pixels (l-2 min for an envelope of 1 c/deg) provides an artifact-free carrier, but it is much safer to avoid the use of static broadband carriers altogether.We have only considered threshold sensitivity and so we cannot assert that local luminanceartifactshave the same contaminating effects in studies of suprathreshold second-ordermotion perception.However, it seems very possible that they do and so broadband static noise carriers are perhaps best avoided in all experiments on second-ordermotion. As well as having implicationsfor future work, this conclusion casts some doubt on a number of findingsin the existing literature.
Although we find strong evidence that local first-order artifacts occur, we find no evidence of global first-order artifacts (distortion products). The possible contaminating effects of this class of first-order artifacts has been considered before in other contexts [e.g. Henning et al. (1975) ; Derrington & Badcock (1986) ; Derrington (1987) ]. Recently, Derrington (1994) has reached a somewhat different conclusion from ours in the context of AM gratings. He found, using a 1 c/deg modulationof a 5 c/deg sine grating, that global luminance artifacts do contaminate results for high, though not low, carrier contrasts. He measured temporal acuity for AM gratings and found acuity resembling first-order motion at high carrier contrasts (suggesting the involvement of distortion products) but a quite different (inferior) temporal response for low contrast carriers (suggesting the involvementof a second-order motion mechanism). We find no sign of this type of artifact using two-dimensional noise carriers and so it is worthwhile considering why not. Unfortunately it is not possible for us to apply our paradigm to AM gratings because the orientation judgement is only appropriate in the case of a carrier whose luminance varies in two dimensions. We can therefore only speculate. One possible reason for a difference between one-dimensionalgrating carriers and two-dimensional noise carriers concerns the spatial frequency spectrum of the carrier. It is known that there is a receptoralnon-linearity,but supposethat the greatest non-linearity is "late" (post-receptoral). If the nonlinearity is preceded by spatial filtering, then what matters is not the contrast of the carrier but the energy presentin the carrier at any given spatialscale. In the case of a noise carrier, there is rather little energy at any one spatialfrequency,even when the contrast of the image as a whole is high. In the case of a grating carrier, all the energy is at a single spatial frequency and so a relatively large distortion product will arise at that spatial scale. If the non-linearity is "early" (receptoral) then, of course, all that matters is the contrast and all carriers would be affected equally.Our resultscould thereforebe construed as evidencethat the most substantialnon-linearityis postreceptoral.
So what is the most appropriate carrier for use in the study of second-ordermotion?Sine grating carriers avoid the problem of local luminance artifacts, provided a carrier of sufficientlyhigh spatialfrequency is used. They also have merit in situationswhere a simple (in Fourier terms) carrier is required i.e. in investigations of the spatial and temporal frequency sensitivityof the secondorder motion mechanism. In other circumstances, however, noise carriers may be preferable because of the reduced risk of global distortion products. Since twodimensional noise is as easy to generate as onedimensional noise and gives greater scope for experimentation (allowing directionaljudgments along more than one axis, for example), two-dimensional noise would seem preferable. But if noise is used, it is essential to take precautions against local luminance artifacts. There is rather little to choose between the two methods we have exploredin thispaper. Both deal effectivelywith the local artifact problem. Sensitivity to contrast modulationsis quite similar in the two cases, at least in the circumstances we have employed (compare Figs 9 and 14) . But dynamicnoise would seem to have the edge over high-pass filtered noise because the latter is not perfectly driftbalanced and this adds an additionalsource of potentialfirst-orderartifacts.These are easily detected (by reversed perception of direction) at high speeds (Fig. 15 ), but are present at all drift speeds and may have more subtle contaminating effects.
In the foregoing discussion, only contrast modulation has been considered. Other types of second-order motion have also been described (Chubb & Sperling, 1988) . In view of the potential artifacts that can arise and the degree of care needed to eliminate them, does h make sense to abandon contrast modulation in favour of other types? In our view, several other classes of second-order motion can be reduced to contrast modulation (Udgeway & Smith, 1994) . One such is texture modulation (e.g. varying the size of texture elements across space and then moving the size-modulation envelope). Because of the shape of the contrast sensitivity function, most changes in texture involve concomitant changes in sensitivity and so, in effect, the encoded contrast is modulated even though the physical contrast is not. Similarly when flicker rate is modulated, although the physical contrast is the same at all points in the image (assuming a display with an adequate temporal modulation transfer function), encoded contrast is not, because of the roll-off in sensitivity at high temporal frequencies.
The contrast modulation that is created in this way may form the basis of detection of motion. Once a contrast modulation exists in the representation of the image, it is vulnerable to firstorder artifacts.
Thus, although there are classes of second-order motion which might avoid the artifacts described in this paper, in practice it would be imprudent to switch to them without first conducting a detailed investigation of whether they truly solve the problem.
second-ordermotion stimuli it is necessary to give a brief description of the Fourier characteristics (in the luminance domain) of contrastmodulated motion stimuli. The Fourier spectrum can be understood intuitively by analogywith an AM grating. If a stationary sine grating carrier with spatial frequency VC) is multiplied by a drifting sinusoidal envelope of lower frequency~,) then the resulting contrast-modulated grating has three components, one with frequency WC)and two sidebands with frequencies (fC-~,) and (fC+~,) referred to as the lower and upper sidebands, respectively. The component at @ is stationary. Each sideband has a drift temporal frequency equal to that of the drifting contrast modulation. However, the lower spatial frequency sideband drifts in the opposite direction to the contrast modulation, while the higher frequency sideband drifts in the same direction as the contrast modulation.
Multiplication of a carrier consistingof static broadbandnoise by a drifting sinusoid of a given spatial frequency @ produces a contrastmodulated image in which for every Fourier componentoriginally in the carrier~.) two additional Fourier components (sidebands) are present in the modulated image. The spatial frequencies of the sidebandsare equal to~C-~,) and tic +~,), as for an AM grating.Each has a drift temporal frequency equal to that of the drifting modulation in contrast and again the lower spatial frequency sidebanddrifts in the opposite direction to the contrast modulationand the higher frequency sideband drifts in the same direction.
Since sidebands are produced for all Fourier componentspresent in the carrier, the net result, in the case of a broadband noise carrier, is that sidebands drifting in both directions are present at all spatial frequencies. In other words, the second-ordermotion stimulus is driftbalanced (Chubb & Sperling, 1988) . In the case of the high-pass filtered second-ordermotionstimuli employedin Experiments5 and 6, the same principlesapplybut the result is that the motionstimuli are no longer strictly drift balanced. They contain more first-order motion components drifting in the opposite direction to the contrastmodulation than in the same direction. Consider a broadband carrier which has been high-passfiltered with a sharp cut-off at 2 c/deg and is then contrast-modulated using a 1 c/deg sinusoidal envelope. The lowest spatial frequency in the filtered carrier, prior to multiplication with the 1 c/deg sinusoid, is 2 c/deg. Following multiplication, sidebands are introduced at various frequencies below 2 c/deg, the lowest being 1 c/deg (the lowest carrier component minus f,= 2 -1 = 1 c/deg).These sidebandsalldriftin the oppositedirection to the envelope because they are all "lower sidebands" as defined above. The lowest spatial frequency sidebandwhich drifts in the same direction as the modulationis at 3 c/deg (the lowest carrier component plus~, = 2 + 1 = 3 c/deg). Thus, all moving componentsbelow 3 c/deg (in this example) drift in the opposite direction to the modulation because they are all lower frequency sidebands.For all componentsat or above 3 c/deg, each lower sideband will be balanced by an oppositelydrifting upper sidebandarising from a carrier componentat some other frequency, as in the case of an unfiltered carrier. Hence, there is a range of spatial frequencies, centred on the filter cut-off frequency (centre frequency~f,) in which all first-order motion components drift in the opposite direction to the envelope with the same temporalfrequencyas the envelope.There is no motionenergy at spatial frequencies below this range and all spatial frequencies above this range are drift-balanced.
